INTRDUCTION
===========

Peripheral polyneuropathies are common neurologic complications related to human immunodeficiency virus (HIV) and antiretroviral therapy ([@b17-bt-22-532]; [@b13-bt-22-532]). Distal symmetric polyneuropathy (DSP) related to HIV is one of the most common neurologic complications of HIV, possibly affecting as many as 50% of all individuals infected with HIV ([@b11-bt-22-532]; [@b24-bt-22-532]). DSP is one of the few that are specific to HIV infection or its treatment ([@b8-bt-22-532]). Mechanisms responsible for this disease are incompletely understood ([@b21-bt-22-532]). gp120 is an envelope glycoprotein of HIV, which appears to contribute to the painful neuropathy related to HIV ([@b27-bt-22-532]). Not only peripheral gp120 application into the rat sciatic nerve *in vivo* could cause neuropathic pain ([@b30-bt-22-532]), but gp120 could induce neurotoxicity of dorsal root ganglion (DRG) neurons *in vitro* as well ([@b23-bt-22-532]). It is clear that several members of the dideoynucleoside family of nucleoside-analogue reverse transcriptase inhibitors (NRTIs) used in antiretroviral therapy are significantly neurotoxic ([@b10-bt-22-532]). 2′,3′-dideoxycytidine (zalcitabine, ddC) has Peripheral polyneuropathies are common neurologic complications related to human immunodeficiency virus the greatest risk of developing neuropathy among NRTIs ([@b7-bt-22-532]; [@b23-bt-22-532]). Our latest research has shown that ddC could induce neurotoxicity of specific tyrosine kinase receptor (Trk) subpopulations of DRG neurons ([@b16-bt-22-532]).

DRG neuronal damage during lentivirus infections leading to the development of DSP ([@b1-bt-22-532]). It has been shown in the latest research that HIV infection itself or antiretroviral therapy may cause different patterns of polyneuropathy. Antiretroviral therapy appears to primarily impair thin fiber conduction, whereas HIV infection itself is linked to large fiber impairment ([@b13-bt-22-532]). Currently, two potentially neurotoxic mechanisms have been proposed to play a crucial role in the pathogenesis of HIV DSP: neurotoxicity resulting from the virus and its products, as well as adverse neurotoxic effects of medications used in the treatment of HIV, however, the precise mechanisms of DSP are still unclear. The progressively developed pain symptoms may interfere significantly with the patient\'s daily activities and quality of life. Topical or systemic administration of analgesics may help relieve neuropathic pain, however, it is difficult to relieve the pain symptoms by analgesics because of the severity of the disease at the later stage. Establishing etiology of the neurological complications and proposing novel therapeutic strategies can present a significant clinical challenge. Hence, to explore the mechanisms of HIV-related neuropathy and find new therapeutic options are particularly important for relieving neuropathic pain symptoms of these patients.

Insulin-like growth factor-1 (IGF-1) is a polypeptide growth factor with a variety of functions in neurons ([@b29-bt-22-532]). IGF-1 has potent neurotrophic and neuroprotective properties ([@b18-bt-22-532]). Whether IGF-1 produces neuroprotective effects on distinct subpopulations of DRG neurons with gp120 and/or ddC-induced neurotoxicty is still to be clarified. In the present study, it is hypothesized that HIV-gp120 protein and nucleoside-analogue reverse transcriptase inhibitor (NRTI) antiretroviral drug may have neurotoxicity on different subpopulations of DRG neurons and the neuroprotective agent IGF-1 may relieve gp120- or ddC-induced neurotoxicity of different subpopulations of sensory neurons. Primary cultured embryonic rat DRG neurons were used to determine the neurotoxic effects of gp120 and/or ddC and the therapeutic actions of IGF-1 on gp120- or ddC-induced neurotoxicity. The data of the present study may facilitate the development of novel strategies for treatment of the HIV-related neuropathy, a medical condition for which few effective therapeutic options are available.

MATERIALS AND METHODS
=====================

DRG cell culture preparations
-----------------------------

The animals were obtained from the Experimental Animal Center of Shandong University of China. All procedures described herein were reviewed by and had prior approval by the Ethical Committee for Animal Experimentation of the Shandong University. All surgery was performed under anesthesia, and all efforts were made to minimize suffering. DRG was dissected out from Wistar rat on embryonic day (E) 15. DRG prior to establishment in culture was digested with 0.25% trypsin (Sigma, St. Louis, MO, USA) in D-Hanks solution at 37°C for 10 minutes. Following digestion and dissociation, fetal bovine serum was added to 10% to stop digestion and the cells were centrifuged for 5 minutes at 1×10^3^ rpm. The supernatants were removed and the pellets were resuspended in Dulbecco's Modified Eagle Medium with F-12 supplement (DMEM/F-12) media (Gibco, Grand Island, NY, USA) and triturated using a sterile modified Pasteur's glass pipette. Cells were then filtered using a 130 μm filter followed by counting. Dissociated DRG cells were plated at 2.5×10^5^ cells/well in a volume of 1.0 ml for 24-well clusters (Costar, Corning, NY, USA) precoated with poly-L-lysine (0.1 mg/ml, Sigma, St. Louis, MO, USA). Then DRG cells were cultured in culture media at 37°C with 5% CO~2~ for 24 hours and then maintained in culture media containing cytosine arabinoside (5 μg/ml) for another 24 hours to inhibit growth of non-neuronal cells, and then cultured in culture media for an additional 72 hours in different experimental conditions before observation. The composition of the culture media is D-MEM/F-12 (1:1) supplemented with 5% fetal bovine serum, 2% B-27 supplement (Gibco, Grand Island, NY, USA) without antioxidants, L-glutamine (0.1 mg/ml, Sigma, St. Louis, MO, USA).

Exposure of different agents on DRG cultures
--------------------------------------------

At 48 hours post-culture, primary cultured DRG neurons were exposed to gp120 (500 pmol/L, Sigma, St. Louis, MO, USA), ddC (50 μmol/L, Sigma, St. Louis, MO, USA), gp120 (500 pmol/L)+ ddC (50 μmol/L), gp120 (500 pmol/L)+IGF-1 (20 nmol/L, PeproTech Inc., Pocky Hill, NJ, USA), ddC (50 μmol/L)+IGF-1 (20 nmol/L), gp120 (500 pmol/L)+ddC (50 μmol/L)+IGF-1 (20 nmol/L), respectively, for an additional 72 hours. DRG neurons were cultured continuously in culture medium served as a control.

Total neurite length measurement of different subpopulation of neurons
----------------------------------------------------------------------

After treatment with different agents for 72 hours, DRG neuronal cultures were processed for fluorescent labeling of microtubule-associated protein 2 (MAP2). The cells on coverslips were quickly rinsed once in 0.1 mol/L phosphate buffer saline (PBS) to remove media. The cells were fixed in 4% paraformaldehyde, pH 7.4, for 20 minutes at 4°C. After washing in 0.1 mol/L PBS for 3 times, the cells were blocked with 2% normal goat serum in 0.6% Triton PBS to block non-specific sites and permeabilize the cells. The samples were incubated with mouse monoclonal anti-MAP2 (1:400, Abcam, Cambridge, MA, USA) overnight at 4°C. After washing in 0.1 mol/L PBS 3 times, the cells were incubated with goat anti-mouse conjugated to Cy2 (1:200, Abcam, Cambridge, MA, USA) for 45 minutes in darkness. After washing in 0.1 mol/L PBS, the coverslips were placed on glass slides immediately with anti-fade mounting medium (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and stored at 4°C prior to observation with a fluorescent microscope. All labeled DRG neurons were defined as small neurons (the diameter of neuronal cell body ≤ 25 μm) and large neurons (the diameter of neuronal cell body \>25 μm). The total neurite length of each small neuron and large neuron was measured separately. Total neurite length was measured using ImagJ software in a double blind manner by random focusing.

Double fluorescent labeling of MAP2 and GAP-43
----------------------------------------------

At 72 hours post-exposure of different agents, dissociate DRG cultures were processed for double immunofluorescent labeling of MAP2 and growth-associated protein 43 (GAP-43). The cells on coverslips were rinsed quickly once in 0.1 mol/L PBS to remove media. Then, cells were fixed in 4% paraformaldehyde, pH 7.4, for 40 minutes at 4°C. After washing the cells in 0.1 mol/L PBS for 3 times, the cells were incubated with 0.6% Triton X-100 in 0.1 mol/L PBS for 60 minutes at room temperature to permeabilize the cells. After washing the cells in 0.1 mol/L PBS for 3 times, the cells were blocked by 2% normal goat serum for 60 minutes at room temperature to block non-specific sites. The samples were incubated with rabbit polyclonal anti-GAP-43 (1:500, abcam, Cambridge, MA, USA) overnight at 4°C, respectively. After washing the cells in 0.1 mol/L PBS 3 times, the samples were incubated by goat anti-rabbit conjugated to Cy3 (1:500, Abcam, Cambridge, MA, USA) for 45 minutes in the darkness. After washing the cells 3 times in 0.1 mol/L PBS, the cells were incubated with mouse monoclonal anti-MAP2 (1:400, Abcam, Cambridge, MA, USA) for 60 minutes in the dark. After washing the cells 3 times in 0.1 mol/L PBS, the cells were incubated with goat anti-mouse conjugated to Cy2 (1:200, Abcam, Cambridge, MA, USA) for 45 minutes in the darkness. After washing the cells in 0.1 mol/L PBS, the cover slips were placed on glass slides immediately (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and stored at 4°C until observation by fluorescent microscope.

Quantitative analysis of the percentage of GAP-43-expressing neurons
--------------------------------------------------------------------

The MAP2-immunoreactive (IR) DRG neurons in five visual fields in the central part of each coverslip were counted as the positive neurons in each sample. All MAP2-IR DRG neurons were defined as small neurons (the diameter of neuronal cell body ≤25 μm) and large neurons (the diameter of neuronal cell body \>25 μm). The number of GAP-43-IR neurons of small and large DRG neurons in the same visual field were also counted, respectively. Then the percentage of GAP-43-IR neurons of small and large DRG neurons could be obtained.

Statistical analysis
--------------------

All experiments were performed in triplicate for each condition as one experiment. Five experiments (n=5) were finished for final analysis and reported as mean ± SD. All the data were processed for verifying normality test for Variable. If normality test failed, the data were analyzed with non-parametric test. If normality test passed, statistical analysis was evaluated with indenpent-sample *t*-test and analyzed using SPSS (version 13.0) software with *p* value\<0.05 used to delineate significance for analysis of all results.

RESULTS
=======

Total neurite length of small neurons in different experimental conditions
--------------------------------------------------------------------------

To determine the total neurite length of each small DRG neuron, DRG neuronal cultures at 72 hours after treatment with different agents were processed for fluorescent labeling of MAP2. The total neurite length of each small DRG neuron (the diameter of neuronal cell body ≤25 μm) was measured. The mean total neurite length of small neurons in control group, gp120 (500 pmol/L), ddC (50 μmol/L), gp120 (500 pmol/L)+ddC (50 μmol/L), gp120 (500 pmol/L)+IGF-1 (20 nmol/L), ddC (50 μmol/L)+IGF-1 (20 nmol/L), and gp120 (500 pmol/L)+ddC (50 μmol/L)+IGF-1 (20 nmol/L) treated cultures was 296.3 μm ± 19.5 μm, 205.5 μm ± 20.7 μm, 178.6 μm ± 15.9 μm, 167.6 μm ± 15.9 μm, 246.2 μm ± 19.1 μm, 222.7 μm ± 13.3 μm, and 205.6 μm ± 14.52 μm, respectively. Exposure of gp120 and/or ddC induced neurite retraction of small DRG neurons (gp120, F=0.014, *p*=0.000; ddC, F=0.420, *p*=0.000; gp120+ddC, F=0.301, *p*=0.000). Interestingly, ddC exposure alone caused more severe neurite retraction of small DRG neurons compared with that in gp120-treated cultures (F=0.172, *p*=0.047). The combination of gp120 and ddC did not induce any further decreases in total neurite length of small DRG neurons compared with that in ddC-treated cultures suggesting a ceiling effect. Exogenous IGF-1 application could partially reverse the neurite retraction of small DRG neurons (gp120, F=0.009, *p*=0.012; ddC, F=0.079, *p*=0.001; gp120+ddC, F=0.047, *p*=0.004) ([Fig. 1](#f1-bt-22-532){ref-type="fig"}, [2](#f2-bt-22-532){ref-type="fig"}).

Total neurite length of large neurons in different experimental conditions
--------------------------------------------------------------------------

After treatment with different agents for 72 hours, the mean total neurite length of large neurons (the diameter of neuronal cell body \>25 μm) was measured. The mean total neurite length of large neurons in control group, gp120 (500 pmol/L), ddC (50 μmol/L), gp120 (500 pmol/L)+ddC (50 μmol/L), gp120 (500 pmol/L)+IGF-1 (20 nmol/L), ddC (50 μmol/L)+IGF-1 (20 nmol/L), and gp120 (500 pmol/L)+ddC (50 μmol/L)+IGF-1 (20 nmol/L) treated cultures was 236.4 μm ± 15.1 μm, 122.0 μm ± 9.4 μm, 147.8 μm ± 16.1 μm, 113.2 μm ± 9.2 μm, 137.9 μm ± 18.2 μm, 156.2 μm ± 13.9 μm, and 136.8 μm ± 17.5 μm, respectively. Exposure of gp120 and/or ddC induced neurite retraction of large DRG neurons (gp120, F=0.681, *p*=0.000; ddC, F=0.176, *p*=0.000; gp120+ddC, F= 0.687, *p*=0.000). Interestingly, gp120 exposure alone cau sed more severe neurite retraction of large DRG neurons compared with that in ddC-treated cultures (F=2.35, *p*=0.015). The combination of gp120 and ddC did not induce any further decreases in total neurite length of large DRG neurons compared with that in gp120-treated cultures suggesting a ceiling effect. Exogenous IGF-1 application did not rescue the neurite retraction of large DRG neurons ([Fig. 1](#f1-bt-22-532){ref-type="fig"}, [3](#f3-bt-22-532){ref-type="fig"}).

The percentage of GAP-43-IR neurons of small DRG neurons
--------------------------------------------------------

To determine the percentage of GAP-43-IR neurons of small DRG neurons (the diameter of neuronal cell body ≤ 25 μm), DRG neuronal cultures at 72 hours after treatment with different agents were processed for double fluorescent labeling of MAP2 and GAP-43. The percentage of GAP-43-IR neurons of small DRG neurons in control group, gp120 (500 pmol/L), ddC (50 μmol/L), gp120 (500 pmol/L)+ddC (50 μmol/L), gp120 (500 pmol/L)+IGF-1 (20 nmol/L), ddC (50 μmol/L)+IGF-1 (20 nmol/L), and gp120 (500 pmol/L)+ddC (50 μmol/L)+IGF-1 (20 nmol/L) treated cultures was 39.6 ± 5.3%, 27.2 ± 3.4%, 20.6 ± 4.1%, 17.3 ± 3.9%, 34.0 ± 4.0%, 30.2 ± 4.2%, and 26.8 ± 4.0%, respectively. The percentage of GAP-43-IR neurons decreased significantly in gp120 and/or ddC treated cultures (gp120, F=0.871, *p*=0.002; ddC, F=0.175, *p*=0.000; gp120+ddC, F=0.319, *p*=0.000). ddC caused more severe decreases in the percentage of GAP-43-IR neurons of small DRG neurons compared with that in gp120-treated cultures (F=0.503, *p*=0.023). The combination of gp120 and ddC did not cause any further decreases in the percentage of GAP-43-IR neurons of small DRG neurons compared with that in ddC-treated cultures suggesting a ceiling effect. Exogenous IGF-1 administration increased the proportion of GAP-43-IR neurons of small DRG neurons in the presence of gp120 and/ or ddC (gp120, F=0.178, *p*=0.019; ddC, F=0.015, *p*=0.006; gp120+ddC, F=0.008, *p*=0.005) ([Fig. 4](#f4-bt-22-532){ref-type="fig"}, [5](#f5-bt-22-532){ref-type="fig"}).

The percentage of GAP-43-IR neurons of large DRG neurons
--------------------------------------------------------

After treatment with different agents for 72 hours, the percentage of GAP-43-IR neurons of large DRG neurons (the diameter of neuronal cell body \>25 μm) was calculated. The percentage of GAP-43-IR neurons of large DRG neurons in control group, gp120 (500 pmol/L), ddC (50 μmol/L), gp120 (500 pmol/L)+ddC (50 μmol/L), gp120 (500 pmol/L)+IGF-1 (20 nmol/L), ddC (50 μmol/L)+IGF-1 (20 nmol/L), and gp120 (500 pmol/L)+ddC (50 μmol/L)+IGF-1 (20 nmol/L) treated cultures was 43.2 ± 5.9%, 20.5 ± 5.6%, 30.2 ± 5.7%, 19.0 ± 4.3%, 26.1 ± 6.3%, 34.9 ± 4.8%, and 24.5 ± 4.7%, respectively. The percentage of GAP-43-IR neurons in large DRG neurons decreased significantly in gp120 and/or ddC treated cultures (gp120, F=0.002, *p*=0.000; ddC, F=0.003, *p*=0.008; gp120+ddC, F=0.371, *p*=0.000). gp120 caused more severe decreases in the percentage of GAP-43-IR neurons of large DRG neurons compared with that in ddC-treated cultures (F=0.012, *p*=0.026). The combination of gp120 and ddC did not cause any further decreases in the percentage of GAP-43-IR neurons of large DRG neurons compared with that in gp120-treated cultures suggesting a ceiling effect. Exogenous IGF-1 administration did not modify GAP-43-IR neuronal profiles of large DRG neurons in the presence of gp120 and/or ddC ([Fig. 4](#f4-bt-22-532){ref-type="fig"}, [6](#f6-bt-22-532){ref-type="fig"}).

DISCUSSION
==========

Treated with antiretroviral therapy, HIV-infected individuals are living longer but prone to the potentially neurotoxic effects of antiretroviral therapy ([@b8-bt-22-532]). Antiretroviral toxicity is an increasingly important issue in the management of HIV-infected patients ([@b22-bt-22-532]). The neuropathic pain caused by DSP is very difficult to manage with few options available. The most common drugs used for neuropathic pain are usually not effective. The mechanisms resposible for peripheral neuropathy caused by HIV-infection itself or anti-retroviral therapy are still not completely elucidated. It hence behooves us to explore the mechanisms and pursue new approachs to mitigate neurotoxicity or neurological complications caused by this peripheral neuropathy. Mounting evidence has implicated that IGF-1 plays an important role in protecting neuronal cells from injury ([@b15-bt-22-532]). The aim of the present study was to approach the questions of the neurotoxicity of the HIV-gp120 protein and the antiretroviral drug ddC on different subpopulations of DRG neurons and the neuroprotective effects of IGF-1 on specific subpopulations of DRG neurons with gp120- and/or ddC-induced neurotoxicity *in vitro*. The results showed that HIV-gp120 protein and/or antiretroviral drug ddC caused neurotoxicity of primary cultured DRG neurons. Interestingly, the severity of neurotoxicity induced by gp120 and ddC was different in different subpopulation of DRG neurons. gp120 mainly affected large diameter DRG neurons (\>25 μm), whereas ddC mainly affected small diameter DRG neurons (≤25 μm). IGF-1 could reverse the neurotoxicity induced by gp120 and/or ddC on small, but not large, DRG neurons.

HIV envelope glycoprotein gp120 not only impairs adult neurogenesis and neurite outgrowth in the central nervous system (CNS) contributing to cognitive disorders ([@b14-bt-22-532]), but also is highly related to HIV infection-related peripheral neuropathy ([@b27-bt-22-532]). In the present study, gp120 mainly caused neurite retraction of large diameter DRG neurons with large fibers which are responsible for mechanical hypersensitivity. This finding is consistent with that HIV infection itself is linked to large fiber impairment ([@b13-bt-22-532]).

Antiretroviral therapy has efficiently inhibited HIV replication and dramatically reduced mortality in HIV infection, but leads to a severe peripheral neuropathy which not only causes considerable disability and negatively affects quality of life, but also complicates all stages of the antiviral therapy. ddC is one of the most neurotoxic antiretroviral drugs on developing a neuropathy ([@b7-bt-22-532]; [@b23-bt-22-532]). It has been observed that intraepidermal nerve fiber density in skin biopsies (ankle and thigh) decreased after neurotoxic compound ddC treatment ([@b13-bt-22-532]). The decrease of intraepidermal nerve fiber density, which is a validated predictor of small unmyelinated nerve fiber damage ([@b20-bt-22-532]; [@b26-bt-22-532]), appears to impair thin fiber conduction primarily. In the present study, ddC exposure mainly induced neurite retraction of small diameter DRG neurons with thin fibers which are responsible for pain hypersensitivity. This finding is consistent with that antiretroviral therapy primarily relates to thin fiber dysfunction ([@b13-bt-22-532]).

IGF-1 is a basic peptide composed of 70 amino acids with a variety of functions in neuronal cells ([@b31-bt-22-532]; [@b6-bt-22-532]). IGF-1 plays an important role in promoting axonal growth from DRG neurons ([@b3-bt-22-532]; [@b12-bt-22-532]; [@b25-bt-22-532]) and supports to a population of predominantly nociceptive neurons in DRG which may contribute to neuropathic pain ([@b5-bt-22-532]; [@b19-bt-22-532]). Exogenous administration of IGF-1 after injury is neuroprotective and improves long-term neurological function ([@b9-bt-22-532]). In the present study, IGF-1 application mainly reversed neurtoxicity of small diameter DRG neurons with ddC alone or combination treatment of gp120 and ddC. IGF-1 had less effects on gp120-induced neurotoxicity. These results suggested that IGF-1 could rescue small diameter DRG neurons with thin nociceptive fibers. The reason might be that IGF-1 and its receptor (IGF-IR) are expressed in small DRG neurons ([@b4-bt-22-532]).

Side effects of antiretroviral therapy and HIV infection itself-induced neurological complications may overlap significantly ([@b28-bt-22-532]). It has been suggested that combination of perineural exposure to the HIV-gp120 protein and ddC treatment induced a more severe peripheral neuropathic pain than either HIV-gp120 protein or ddC treatment alone ([@b2-bt-22-532]). The advanced HIV infection-associated neuropathic pain is so severe that it is difficult to generalize about pain treatment. The neurotoxic antiretroviral drug burden considerablely worsened the neuropathic pain symptoms of these patients who would give up the antiretroviral therapy which would aggravate HIV infection. The underlying complexities in managing pain symptoms in the population of advanced HIV disease require the neurobiologist and clinician to explore the mechanisms and implement new effective preventative or therapeutic strategies to minimize the negative impact on the patients\' quality of life. The results of our present study may reveal the novel mechanism which HIV-gp120 protein and ddC may target on different subpopulation of primary sensory DRG neurons for the neurotoxicity. The neurotrophic factor IGF-1 might be one of the potential principal factors on managing neuropathic pain symptoms of HIV infection- or antiretroviral therapy-related peripheral neuropathy.

In conclusion, both HIV-gp120 protein and/or antiretroviral drug ddC caused neurotoxicity of primary cultured DRG neurons and IGF-1 could partially reverse the neurotoxicity induced by gp120 and/or ddC. These findings provide evidence that HIV-gp120 protein and ddC may induce neurotoxicity on specific subset of primary sensory DRG neurons and may present a new therapeutic opportunity for managing HIV-associated neurotoxicity. The results of the present study offer new insights in elucidating the pathogenesis of HIV infection- or antiretroviral therapy-related peripheral neuropathy and facilitating the development of novel treatment strategies.
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